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INTRODUCTION. 


Under hydrostatic pressure the electrical resistance of most metals 
decreases. On the other hand the resistance of these metals increases 
under tension. There are, however, a few metals which are abnormal 
in that their resistance increases under pressure. It has been known 
for some years that bismuth is such a metal, and I have recently added 
to the number lithium, calcium, strontium, and antimony. It seemed 
to me of considerable interest to determine the effect of tension on the 
resistance of these metals. These data are presented in this paper. 
When I started this work, such measurements had not been published 
for any of these metals. During the course of my work, however, 
data were published in Italy for the effect of tension on the resistance 
of bismuth.! The resistance of this was foynd to decrease under 
tension, so that this metal is abnormal with respect to both tension 
and pressure. I have verified this result. I find that strontium is 
the only one of the remaining four which is also abnormal with respect 


1 K. Zavattiero, Rend. Accad. Lincei, 29 (1) 48-54, 1920. 
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to tension; the resistance of lithium, calcium, and seperated increases, 
as is normal, under tension. 

When I started these measurements, only one metal was known 
which was abnormal with respect to tension; this was nickel. The 
measurements were made by Tomlinson ? in 1876, on nickel which 
' presumably had several per cent of impurity. Since it was my good 
fortune to obtain through the kindness of the Leeds and Northrup Co. 
some nickel of exceptionally high purity, I repeated the measurements 
of Tomlinson, and also extended them to find the effect of temperature 
and cyclic changes of tension. I have verified the sign of the effect 
found by Tomlinson, although there is not close numerical agreement, 
as was to be expected. ; 

Since cobalt is in many respects closely related to nickel, I also 
determined the effect of tension on the resistance of it. The effects 
are entirely normal. 

In addition to the five abnormal pure metals mentioned above, the 
alloys manganin and therlo are also abnormal with respect to their 
pressure coefficients. I have determined the tension coefficients of 
these also, and find them to be normal in sign, but to be very small. 

My previous measurements of the pressure coefficient of resistance 
have suggested certain views as to the nature of the conduction 
mechanism.® In the following I shall discuss how far these new facts 
are in accord with these views. 

This discussion demands a knowledge of Young’s modulus. I have 
determined this for most of these metals. 


DESCRIPTION OF METHOD AND APPARATUS. 


The apparatus and method were very simple, and for the most part 
were similar to those already adopted for the measurement of the effect 
of pressure. 

The resistance was measured by a potentiometer method, the drop 
of potential between two potential terminals attached to the specimen 
being balanced against the drop due to the same current flowing 
through an appropriate combination of known resistances. The 
details of the apparatus were the same as those previously used in 
measuring the pressure coefficient, and have been fully described 


2H. Tomlinson, Trans. Roy. Soe. 174, 1-172, 1883. 
3 P. W. Bridgman, shies Rev. 9, 269-289, 1917, and 17, 161-194, 1921. 
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elsewhere.* The wire under tension merely replaces the wire under 
pressure of the previous experiments. 

The wires used were small, and a load of a few kilograms was suffi- 
cient in all cases. The wire was mounted vertically, and attached at 
the upper end to one arm of an equal arm balance, to the other arm of 
which known weights could be applied. For most metals it was most 
convenient to use the ordinary solid weights, but if there were hystere- 
sis effects, as in the case of nickel, it was necessary to apply and remove 
the weight continuously; to accomplish this a water weight was used. 
In the case of antimony, because of its excessive fragility, a special 
arrangement was necessary which will be described in detail later. 

The lower end of the wire was attached to a bracket, supported from 
above. This bracket, with the wire, dipped into an oil reservoir about 
12 inches high and two inches diameter. The top and bottom of the 
reservoir were connected through side tubes with a turbine stirrer, 
by means of which a continuous stream of oil was maintained past the 
specimen. The wire itself was about 6 inches between potential 
terminals. In most cases the measurements were made at room 
temperature only, and the stirrer adequately maintained approximate 
equality of temperature. A correction could be easily determined 
and applied for the change in resistance due to drift of temperature of 
the oil bath. In a few cases, however, when more careful regulation 
of temperature was necessary, a large bath of water, maintained at 
constant temperature thermostatically, was raised around the oil 
bath. The walls of the latter were of thin brass, and exchange of heat 
between the oil and the water was sufficiently rapid to maintain con- 
stancy of temperature in the oil. 

The magnitude of the tension applied was usually considerably less 
than the elastic limit. The behavior of the resistance gives a sensitive 
test of the perfect elasticity under the applied tension. The wire 
was usually seasoned by a number of applications of a tension higher 
than that of the final measurements. The behavior of the resistance 
beyond the elastic limit is complicated, and would make an interest- 
ing study on its own account. I felt this to be beyond the scope of 
the present work. I have, however, in nearly all cases determined at 
least the sign of the permanent change of resistance produced by 
exceeding the elastic limit, and in some cases have examined the 
phenomena a little more in detail. It appears that in all cases the 
permanent change of resistance beyond the elastic limit is an increase. 


4 P. W. Bridgman, Proc. Amer. Acad. 52, 571-646, 1917. 
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For the theoretical considerations suggested by these measurements 
it is necessary to know the mechanical deformation produced by the 
tension, that is, to know Young’s modulus. I have determined this 
for most of the metals. The metals were in most cases too soft to 
allow a direct determination by hanging a weight on the wire and 
observing the change of length, so that an indirect method was neces- 
sary. The method I used was that of flexure. A horizontal wire of 
known length and section was bent by a weight hung on the free end, 
and the amount of the flexure of the free end determined. From this 
Young’s modulus can be calculated. The calculation assumes the 
perfect isotropy of the wire. It is probable that this condition is not 
always satisfied to as high a degree of approximation as would be 
desirable, but under the conditions it seemed the best that I could do. 
The modulus for manganin and therlo was determined directly. 

The difficulties of the resistance measurements vary greatly for the 
different metals. The effect is in any event small, and for those 
metals which are soft and have a low elastic limit, the magnitude of 
the maximum effect is sometimes not greatly in excess of the order of 
magnitude of the accidental errors. An additional difficulty for the 
metals Li, Sr, and Ca is.that of making electrical connections. These 
metals cannot be soldered, and mechanical spring clamps had to be 
used. ‘The resistance at the contact would sometimes vary sufficiently 
to produce perceptible fluctuations in the main current, and also the 
potential terminals were sometimes subject to slight displacements 
under the stirring by the oil. The details of these difficulties will be 
described under the metals separately. 

I am indebted to the skill of my assistant, Mr. J. C. Slater, for 
practically all the actual readings. 

Here follows a description of the details for each metal. 


DETAILED DaTA FOR INDIVIDUAL METALS. 


Lithium. The material was from Merck, for which I have no 
analysis. It was apparently entirely free from inclusions of slag, and 
mechanically homogeneous. Metal from the same lot was used in 


‘previous determinations of the pressure coefficient of resistance.° It 


was formed into wire of about 0.032 inches diameter by cold extrusion, 
in the usual way. The surface of the wire so formed is bright, and it 


5 P. W. Bridgman, Phys. Rev. 56, 59-154, 1921. 
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remained bright throughout the course of the experiment. The oil of 
the bath, a neutral heavy white petroleum which is used for medicinal 
purposes, was without perceptible chemical action, at least at room 
temperature. The current and potential connections were main- 
tained by mechanical contact, the potential connections by small 
spring clamps of special design. 

The measurements of lithium were the most difficult of any, be- 
cause of the extreme softness of the metal. Four sets of runs were 
made in all. The first two, made without the thermostat, established 


the sign of the effect and its probable magnitude. The last tw6 runs, 


with the thermostat at 30°, were somewhat more satisfactory. The 
elastic limit is so low that I could not determine the linearity of the 
effect within the elastic range. There was permanent stretch under 
a load of 40 gm., and there were also irregular initial effects under the 
first few grams of load, which may have been due to straightening of 
the wire. All the best measurements were made between a load of 
15 gm. as zero and 35 gm. The change of resistance under this maxi- 
mum increase of load of 20 gm. is an increase of only 0.02%. The 
extreme variation of the individual determinations for the best speci- 
men was in the ratio from 7 to 20. ‘Twelve determinations were made. 
The probable error of the mean, calculated by least squares, was 6.7%. 

The tension coefficient of resistance, that is the proportional change 
of resistance under a tension of 1 kg/cm? was +4.9 X 10-* for the 
best specimen; the other run with the thermostat gave 4.6 X 10-5, 
and the only one of the preliminary specimens which was worth com- 
puting gave 4.7 X 10-°. In the following I shall assume for the most 
probable coefficient +4.8 10-°. 

Young’s modulus was determined from the bending of three speci- 
mens, of the diameter given above and approximately 7 cm. long. 
The maximum load applied to these specimens was 0.066 gm. Within 
the limits of error the displacement was proportional to the load. 
The values obtained for Young’s modulus were respectively 4.72, 
5.26, and 4.93 & 10!° Abs. C.G.S. units. Take as the most probable 
mean 4.9 X 10!° C.G.S. or 5.0 X 104 in kg/cm. 

The cubic compressibility of lithium has been found by Richards ® 
to be 9.0 X 10-!*, pressure expressed in Abs. C.G.S. units. This may 
be combined with Young’s modulus by the formula of elasticity 


E 
(: to find Poisson’s ratio. The formula gives 0.42. The 


6 T. W. Richards, Jour. Amer. Chem. Soc. 37, 1643-1656, 1915. 
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high value is in line with our other experience that a comparatively 
soft metal has a Poisson’s ratio near 0.5. 

Calcium. This material I owezto the kindness of the Research 
Laboratory of the General Electric Company. It was from a different 
batch than that whose pressure coefficient of resistance I have previ- 
ously measured.’ So far as any chemical analysis can detect, all the 
calcium of the General Electric Co. contains no impurity, but in my 
previous discussion I remarked on the fact that there was nevertheless 
some difference between different batches. Some of the material can 
be extruded easily, while the extrusion of other is difficult. The wire 
which I previously used was extruded with difficulty, and was inclined 
to be brittle. The present wire was extruded easily, and could be 
readily bent into a comparatively short radius. The wire as supplied 
by the General Electric Co. had been extruded to a diameter of about 
0.055 inches. In order to better adapt it to the magnitude of the 
tension which I could readily apply, I drew it down through steel dies 
from this size to 0.030 inches, first scraping the surface bright under 
oil. I did not attempt to anneal it after this drawing. Another 
piece, whose behavior beyond the elastic limit was specially examined, 
was drawn to 0.019 inches. The breaking load was at the rate of 
1200 kg/cm?; it was the same for the two sizes of wire. The break 
takes place with very little elongation or reduction of area. 

Measurements were made of the elastic rate of change of resistance 
on two different samples. The range of tension was not more than one 
fifth of the breaking load. The effect with this metal is large enough 
to allow good readings. Within the limits of error the change of 
resistance is linear with tension up to the stresses mentioned above. 
Readings were made at eight or ten different loads. The maximum 
departure of any single observation from a straight line was 5% of the 
maximum change for one of the specimens, and 4% for the other. 
The maximum change of resistance was 0.14% of the initial value. 

The tension coefficient of resistance was + 8.24 X 10-® for one 
specimen, and 8.50 X 10-, tension in kg/cm, for the other. Take as 
the most probable value the mean + 8.37 X 10-°. | 

Young’s modulus was determined from the bending of two samples, 
whose dimensions were of the same order as those of lithium. The 
maximum load applied was 0.24 gm. Within the limits of error the 
bending was proportional to the load. One specimen gave for 
Young’s modulus 2.080 X 10", and the other 2.065 X 101!, in Abs. 


7 Reference 5, p. 91. 
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C. G. S. units. Take as the average 2.07 X 10" C. G. S., or 


2.11 X 105, tension in kg/em?. Richards ® has found for the cubic 


compressibility 5.7 X 10-!2 Abs. C. G. S. Combined with Young’s 
modulus by the formula of elasticity gives for Poisson’s ratio the 
value 0.303. 

There is a very considerable range of tension above that of perfect 
elastic behavior and below the breaking point where there are de- 
partures from linearity and hysteresis. The immediate effect of 
exceeding the elastic limit is to permanently increase the resistance. 
The wire may be seasoned for any particular range of tension 
beyond the elastic limit by repeated application and removal of the 
load. After seasoning, the resistance, as a function of tension, de- 
scribed hysteresis loops exactly similar in appearance to the familiar 
hysteresis loops of the relation between tension and elongation. The 
width of the loop in the extreme case of a tension just below the break- 
ing point may amount to one third of the maximum change. This 
maximum change of resistance was 1.73% for one specimen, and 2.43% 
for the other. The average coefficient of resistance for the extreme 
hysteresis loop was 20.5 X 10-® for one specimen, and 15.2 X 10-6 
for the other, against a coefficient in the elastic range of 8.4 X 10-°. 

Strontium. This material was from the same lot as the specimen 
whose pressure coefficient of resistance was previously determined. 
I am indebted for it to Dr. B. L. Glascock. The probable purity, and 
some of its properties have been already discussed. The metal was 
formed into wire by extrusion in the manner already described. ‘Two 
sizes were used, 0.035 and 0.019 inches in diameter. 

Two samples were used; the first was not geometrically perfect 
and did not give as good results as the second. ‘Two series of measure- 
ments were made:on the second. The diameter of this was 0.019 
inches. The wire breaks without much preliminary yield at a load of 
about 800 gm. At a load of 700 gm. there was a very small perma- 
nent increase of resistance. The tension coefficient of resistance was 
determined through a range of 400 gm., readings being made at eight 
different loads within this range. The effect of tension is to decrease 
the resistance. Within the limits of error the relation between tension 
and decrease of resistance is linear. The maximum departure from 
the straight line of any single observed point was 7% of the maximum 
change. The maximum change of resistance was 0.14% of the initial 
resistance. 


4 


8 Reference 5, p. 96. 
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The tension coefficient of resistance given by the two runs on the 
better specimen was —8.2 and —8.4 X 10-° respectively for a tension 
of 1 kg/em?. The other specimen, which was very much more un- 
certain in its indications, gave a coefficient of —10.5 X 10-§. Takeas 
the best mean —8.3 X 10-®. 

Young’s modulus was determined from the bending of two samples. 
Measurements were also made on the sample of the imperfect resist- 
ance measurements, but these were discarded because of the uncer- 
tainty introduced by failure of geometrical regularity. The dimen- 
sions were approximately the same as for lithium. The maximum 
load was 0.066 gm. and within the limits of error the relation between 
bending and load was linear. The first specimen gave for Young’s 
modulus 1.24 10!', and the second 1.36  10!! Abs. C.G.S. units. 
Take as the best value 1.30 & 10", or 1.33 & 105 when tension is 
expressed in kg/em?. The compressibility of strontium has never 
been determined experimentally so far as I am aware. A probable 
value for it may be found by interpolating in Richard’s chart ® giving 
the compressibility as a periodic function of the atomic weight. The 
value which I have assumed for the compressibility is 6.5  10-!? 
Abs. C.G.S. The value of Poisson’s ratio computed with these values 
for Young’s modulus and compressibility is 0.359. An error of 1% in 
the compressibility changes Poisson’s ratio by 0.5%. 

The behavior of the resistance beyond the elastic limit was not 
investigated, except to establish that there is a permanent increase 
in resistance on exceeding the limit. The permanent change is there- 
fore of the opposite sign from the elastic change. ° 

Antimony. So-called chemically pure antimony from the J. T. 
Baker chemical company was used. It was extruded into wire in the 
way previously described.*° This wire is not from the same source as 
that whose pressure coefficient of resistance was previously measured, 
which was from Eimer and Amend. The present material has also 
been used in a determination of the effect of pressure on thermal 
conductivity, and the data will be given elsewhere. 

Great difficulty was experienced with antimony because of ‘its 
extreme brittleness, and a special procedure was adopted. At the 
suggestion of Mr. Slater, who made the measurements, the vertical 
position of the other metals was replaced by a horizontal position for 
antimony. The wire was placed in an oil bath, without a stirrer, 
resting on a massive bar of copper. Tension was applied by a spring 


9 Reference 6, p. 1649 
10 P. W. Bridgman, Phys. Rev. 9, 138-141, 1917. 
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balance connected to the antimony by a wire passing through a stuffing 
box in the side of the oil bath. This stuffing box was very loose, and 
was without appreciable friction. ‘The current and potential termi- 
nals were soldered to the antimony wire. It is very difficult to make 
a soldered connection to this brittle material which shall be sufficiently 
in axial alignment to permit the application of an appreciable 
tension. The wires by which the tension was applied were cemented 
to the antimony wire by DeKhotinski cement. 

Readings were made on three different samples; those on the first 
were the best. The diameter of the wire was 0.0146 inches. Three 
runs were made on it; the first two were rough in character and agreed 
within the limits of error with the third run. Within the limits of 
error the effect is linear with tension, and is positive, the resistance 
increasing with increasing tension. ‘The maximum load applied to this 
specimen without rupture was 80 gm.; it broke at 90 gm. Readings 
were made at eight loads. The greatest departure from the straight 
line of any single observation was 8% of the maximum effect, which 
was a change of resistance of 0.025 %. The tension coefficient of this 
sample was +4.5 X 10-° for 1 kg/cm? tension. 

The second sample was extruded at a different time, and was ex- 
cessively fragile. Its diameter was 0.024 inches, and it broke at a 
load of 20 gm. Only two readings were made; not enough to estab- 
lish the linearity of the effect or to eliminate chance errors. The 
tension coefficient which would correspond to the mean of the readings 
with this sample was + 20.0 X 10-°. 

The third sample was 0.0295 inches diameter. It was much stronger 
mechanically than the second sample, and allowed loads beyond the 
elastic limit to be applied. The results were much less regular than 
for the first sample, however. Within the limits of error the effect is 
linear with tension up to a load of 140 gm. Ten readings were made; 
the worst of these departed from the smooth curve by 33% of the 
maximum effect. The tension coefficient shown by this sample was 
+7.5 X 10-* for a tension of 1 kg/cm. 

4{n estimating the most probable coefficient, the first sample must be 
given considerably more weight; I take as the most probable coeffi- 
cient +5.0 X 10-°. 

I have previously determined modulus for antimony;?? 
The value 7.8 X 10!! Abs. C. G. S. units was found. It was possible 
to definitely establish that the wire was not homogeneous, because the 
rigidity bears an impossible relation to Young’s modulus. It is there- 
fore not allowable to apply the formula of elasticity to compute 


‘ 
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Poisson’s ratio. The above Young’s modulus, combined with Rich- 
ard’s value for the compressibility, 2.4 X 10-2 C. G. S.,8 would give 
0.18 for Poisson’s ratio, which is improbably low. I shall in the fol- 
lowing use 0.30, which is an average value for many metals, as more 
probably correct. 

The third of the specimens above allowed some examination of the 
behavior beyond the elastic limit. Permanent increases of resistance 
were produced by loads in excess of 140 gm.; rupture took place at 270 
gm. ‘The phenomena were somewhat unusual in that there were no 
time effects. The permanent change of resistance under a given load 
assumed at once its final value, and there was no creep, as is usually 
the case. This does not seem very surprising in so brittle a material. 

Bismuth. Measurements were made on three different grades of 
material, of three different grades of purity. The first was ordinary 
commercial metal, which has about 3% impurity. The second was 
electrolytic bismuth, for which I am indebted to the kindness of the 
United States Metals Refining Co. Analysis showed only 0.03% 
impurity of silver, and only traces of anything else. In spite of this 
very small impurity, however, the temperature coefficient of resistance 
is only about one half normal; apparently the silver exerts some very 
large specific effect. The third sample was electrolytic bismuth of my 
own preparation, which I had made several years ago for a determina- 
tion of the pressure coefficient of resistance.‘ I have no chemical 
analysis, but spectroscopic analysis by Professor F. A. Saunders shows 
less impurity of silver than the other electrolytic bismuth. I was not 
able to repeat the preparation of this material, and had only a small 
quantity available. I verified the high temperature coefficient on the 
special piece used in this work. The question of the curious behavior 
caused by the small quantity of silver is more fully discussed in my 
paper on the effect of pressure on thermal conductivity. 

Tension decreased the resistance of all the samples of bismuth. The 
effect is comparatively large, and with little care it was possible to 
obtain very good sets of readings, with deviations from the smooth 
curves by individual points of not more than 1%. The effects beyond 
the elastic limit are complicated. There is a very considerable initial 
range, however, within which the effect is linear, and there is no evi- 
dence for departure from the usual relations of perfect elasticity. The 
coefficients quoted in the following were determined within this range. 
Three determinations were made on commercial bismuth at room 


11 Reference 4, p. 624. 
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temperature. The diameter of the wire was 0.028 inches, and the 
range of tension 300 gm. The coefficients found were —4.65, —4.54, 
and —4.78 X 10~ respectively, the unit of tension being 1 ke/ cm?. 

‘Measurements were made on one sample of the commercial electro- 
lytic bismuth at two different temperatures. The dimensions of the 
wire, and the range of tension were the same as for the commercial 
material. At 31.1° the tension coefficient is —4.27 K 10, and at 
0.0° 5.20 X 10. It is perhaps surprising that the coefficient should 
be lower at the higher temperature, but this is also the case with the 
pressure coefficient of resistance. 

One set of measurements was made on my own pure electrolytic 
bismuth at 30°. The diameter of the wire was 0.0207 inches, and the 
range of tension 100 gm. Within this range the effect is perfectly 
linear, and no reading departs from the straight line by as much as 1%. 
The total change of resistance under this load was 0.13%. The ten- 
sion coefficient of this sample was —2.92 X 10°. This is considerably 
less than the coefficients of the other samples, but will be accepted in 
the following as the best value for pure bismuth. 6 

Young’s modulus of my pure electrolytic bismuth was determined 
in the regular way by the bending experiments on two samples. The 
diameter was as above, and the length about 6.5 cm. The maximum 
load was 0.10 gm. The bending is linear with load within this range. 
The two samples gave for Young’s modulus 2.29 and 2.45 X:‘10" Abs. 
C. G. S. units respectively. This is much less than the value given in 
Kaye and Laby’s tables, which is 3.19 X 10". It is of course possible 
that this wire is not homogeneous, like antimony. Richards ® has 
found the compressibility to be 2.8 X 10-!%. Combined with my value 
for Young’s modulus this gives for Poisson’s ratio 0.39; combined with 
Kaye and Laby’s value it gives 0.35. 

The phenomena beyond the elastic limit are complicated and would 
be worth study for their own sake. In the first place, the resistance 
increases beyond the elastic limit, and hence the change is in the same 
direction as for other metals which are normal with respect to the elas- 
tic effect of tension. The time effects are very large, and may con- 
tinue for many days under loads which are much below the breaking 
load and so small as to produce no marked change in the geometrical 
dimensions. Under a fixed constant load, the resistance increases at a 
time rate gradually becoming less, according to some law which I did 
not attempt to discover. Commercial electrolytic bismuth showed 
creep for two days under a load of 350 gm. whereas at 300 gm. the 
effects were still elastic. In these two days the initial rate of creep 
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had dropped to one quarter of its initial value, which was at the rate 
of an increase of resistance of 3% per hour. After the removal of a 
load which has exceeded the elastic limit there are also time effects, 
not nearly so large in magnitude as the effects on applying load, but 
in the same direction; the resistance continues to increase for some 
time after the removal of load. In this particular the effect is like 
an ordinary elastic after effect. 

Nickel. The sign of the pressure coefficient of this metal is normal; 
I have already mentioned in the introduction my reasons for repeating 
the measurements of Tomlinson. The metal was provided by the 
Research Laboratory of the Leeds and Northrup Co. in the form of 
bars approximately 6 cm. long, 1.5 em. wide, and 3 mm. thick. I cut 
from this bar a piece of suitable dimensions, and drew it down in steel 
dies to 0.0101 inches. It was annealed after drawing by heating to 
redness. 

The temperature coefficient of resistance between 0° and 100° was 
found to be 0.00634. This is higher than the highest previous value 
with which I am acquainted, 0.00618 by Fleming, and is evidence of 
the unusual purity. : 

Tomlinson had found that nickel is abnormal in two particulars. In 
the first place the resistance decreases under tension, and in the second 
place the decrease is not linear with tension, but passes through a 
minimum, so that at a tension of the order of two thirds of the elastic 
limit the resistance begins to increase with increasing tension. 

I verified both these particulars of behavior, and made a few addi- 
tional observations. If instead of increasing the tension steadily to 
the elastic limit, measuring the resistance as a function of tension on 
the way, as Tomlinson did, the wire is subjected to a seasoning for 
some fixed load by a number of applications and removals of the same 
load, and then a cycle of resistance measurements is made, it will be 
found that the decreasing measurements do not follow the increasing 
measurements, but an open hysteresis loop is described. This loop 
differs in one important particular from ordinary hysteresis loops. 
By hysteresis we usually mean an effect that for some reason lags 
behind. In this case, this would mean that with decreasing tension 
the resistances correspond to some greater tension on the increasing 
run. The curious fact here is that at the initial stages of the decreas- 
ing limb of the loop the resistance may be lower than that correspond- 
ing to any value of the tension on the increasing run. The mechanism 
of the loop must be something quite different from the ordinary hyster- 
esis effects. . 
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The range of tension through which the wire has been accommodated 
has a slight effect on the character of the loop; the tension of the 
minimum increases somewhat as the range is increased. 
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0 200 400 600 800 1000 
Tension in Grams : 
Nickel 
* Ficure 1. The decrease of resistance of Nickel in arbitrary units plotted 
against the tension in grams at three different temperatures. In each case the 
higher curve of the loop is that obtained with decreasing tension. One arbi- 


trary unit of resistance corresponds to a decrease of 0.0345 per cent. The 
cross section of the wire was such that a load of 1000 gm. means 1900 km/cm’. 


There is a very large effect of temperature on the shape of the loop. 
I made measurements at 0°, 30°, and 95°. The minimum becomes 
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much flatter and moves in toward smaller tensions at higher tempera- 
tures. The initial magnitude of the change, for small alterations of 
tension, becomes larger at the lower temperatures. Here again we 
find a temperature coefficient with a sign the reverse of what we 
would expect. 

The changes of resistance as a function of tension are reproduced 
in Figure 1. The range of tension is the same at the three tempera- 
tures, namely 1 kg., which corresponds to about 1900 kg/em*. This is 
not far below the elastic limit. 

Cobalt. An examination of the behavior of cobalt was of interest 
because of its close relationship to nickel, and the abnormal behavior 
of nickel. 

There was available a piece of the same cobalt wire, 0.0030 inches 
diameter, as that on which the previous determinations of the pressure 
coefficient of resistance were made.'* It was annealed by heating to 
redness. Measurements were made to a maximum load of 100 gm.; 
the breaking load is about 180 gm. Within the range of 100 gm. the 
effect is normal with respect to sign, and the relation is perfectly linear 
within errors of the single readings of not more than 2 or 3%. There 
is no trace of the abnormal behavior shown by nickel. 

The tension coefficient is +9.94 X 10-’ at 30°, the tension being 
measured in kg/cm’. 

Young modulus was not determined for this wire; because of the 
small diameter a special procedure would have been necessary. I 
shall in the following computations assume that it is the same as for 
iron and nickel, namely 2.0 & 10!2C. G.S. I shall also assume that 
Poisson’s ratio is 0.30. 

Manganin. The interest of this alloy lies in the fact that its pres- 
sure coefficient of resistance is abnormal in being positive.'* 

Determinations of the tension coefficient were made on samples from 
the same spool as that from which the pressure coefficient samples were 
obtained and from which the pressure gauges used in all my work were 
cut. Measurements were made on the wire in both the hard drawn 
and the annealed condition. 

Three runs were made on the hard drawn specimen. The wire was 
0.0054 inches in diameter. The breaking load was about 900 gm. 
The maximum load applied before the measurements was only 300 gm., 
and the runs themselves reached a maximum of only 250 gm. The 
wire was seasoned for this range of tension by a number of applica- 


12 Reference 4, p. 607. 
13 P. W. Bridgman, Proc. Amer. Acad. 53, p. 370, 1918. 
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tions and removals of 250 gm. The effect was found to be normal in 
sign, the resistance increasing under tension. The effect is smaller 
than for some of the pure metals, and accordingly was not so regular. 
The maximum departure of any of the observed points from a smooth 
curve was 4.5% of the maximum change. The relation between 
tension and change of resistance is very nearly linear, but there are 
nevertheless consistent small departures from linearity greater than 
the errors of measurement; the change becomes proportionally 
greater at the greater tensions. The average tension coefficient over 
the entire range of tension is not more than one or two per eent greater 
than the initial coefficient. 

The three runs on the hard drawn sample gave the following values 
for the initial coefficient respectively: +-5.78, 5.72, and 5.63 & 10-? 
for a tension of 1 kg/cm?. The average, +5.71 X 10-7, is taken as 
the most probably correct coefficient. 

A length of wire contiguous to the hard drawn specimen was 
annealed by heating to redness. Measurements were made on the 
first application of tension. 250 gm. was distinctly beyond the elastic 
limit. The specimen was seasoned by several applications of 250 gm., 
and then by a number of applications of 200 gm., until finally the 
changes of resistance had become steady. The initial coefficient of 
the annealed wire was +5.88 K 10-7. After accommodation to the 
range of 200 gm. the coefficient had increased to 6.75 X 10-7. This 
latter is the average coefficient over the range of tension. After 
accommodation the relation between resistance and tension is not 
linear or single valued, but the relation involves hysteresis of the 
usual character, the maximum width of the hysteresis loop being about 
10% of the maximum effect. 

Young’s modulus of this wire was determined directly from the 
increase of length under a given load. A piece about 3.5 m. in length 
was hung in an elevator shaft, and observations made on fiducial 
marks at the top and bottom with microscopes. The supports of the 
microscope were entirely independent of the supports of the wire, so 
they could not be affected by the load applied to the wire. The hard 
drawn wire was uséd for this determination. It was seasoned by a 
number of applications of 500 gm.; the maximum load for the determi- 
nation of the modulus was 400 gm. There was a slight amount of 
hysteresis, but there were no perceptible time effects. The maximum 
width of the hysteresis loop was 5% of the maximum extension. The 
mean of points with increasing and decreasing tension lie on a straight 
line within the limits of error, which were not more than 0.3%. 
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The value found for Young’s modulus was 1.35 X 10!2 Abs, C. G. S. 
or 1.39 X 10® when the unit of tension is 1 kg/cm*. Neither the 
coefficient of cubic compressibility nor any other of the elastic con- 
stants of manganin seem to have been determined. I shall assume 
in the following that a probable value of Poisson’s ratio is 3. 

Therlo. This alloy is made by the Driver Harris Co., and is much 
like manganin in its properties. Its pressure coefficient of resistance 
is also positive,'* and is very close numerically to that of manganin. 

Measurements were made on both hard drawn and annealed wire, 
as for manganin. ‘Two samples of hard drawn wire were used. The 
range of tension was 250 gm. The diameter of the wire was 0.005 
inches. Within this range the relation between change of resistance 
and tension is sensibly linear; the departure from linearity shown by 
the manganin was not in evidence here. One run was made on the 
first sample; the coefficient found for it was + 4.32 X 10-’ for a 
tension of 1 kg/cm?. Three runs were made on the second sample, 
giving 5.19, 4.80, and 4.84 for the coefficient. I take as the most 
probable value for the coefficient + 4.8 X 10-’. : i 

A piece was annealed by heating to redness. Readings were made 
of the resistance during a long series of applications of tension, through 
a maximum range of 320 gm. The breaking load of the annealed 
wire is about 350 gm.; that of the hard drawn is over 1 kg. The 
initial coefficient for small loads immediately after annealing was 
4.22 X 10-’. After seasoning as above, this coefficient had risen to 
4.60 X 10-7. There seemed to be considerably less hysteresis in the 
relation between tension and resistance than in the ease of annealed 
manganin. 

Young’s modulus was measured in the same way as that of man- 
ganin. There was considerably greater departure from linearity and 
more hysteresis than was shown by manganin, and much more of 
both than was shown by the resistance measurements. Seasoning 
was by the application and removal of 500 gm., and the modulus was 
measured over a cycle of 400 gm. 

The hysteresis loop for this range of tension had an extreme width of 
12% of the extreme extension. If we take the initial slope of this loop 
as giving Young’s modulus, we find 1.41 X 10! Abs. C. G. S., or 1.46X 
10° in kg/cm. As in the case of manganin, I shall assume that 
Poisson’s ratio is 4. 

The behavior of the resistance beyond the elastic limit is compli- 


14 Reference 5, p. 135. 
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cated, but there seems to be nothing essentially unusual about it. 
The permanent.effect is an increase of resistance. There are also slow 
changes with time, both on applying and removing the load, as is 
normal. 


Discussion OF RESULTS, EXCEPTING NICKEL. 


The results obtained above are collected into Table I, in which is 
given the tension coefficient of observed resistance, the pressure coeffi- 
cient of observed resistance, the cubic compressibility, the reciprocal 
of Young’s modulus, that is, the exténsion under unit load, Poisson’s 


TABLE I. 
Tension Pressure Tension 
Coefficient Coefficient Cubic Reciprocal Coefficient 
Metal of Observed | of Observed Coggeet- of Young’s | Poisson’s | of Specific 
Resistance Resistance bility Modulus Ratio | Resistance 


Li +48. | +6.8x 1078 | 9.21078 | | 0.42 |+11.«107% 


Ca +8.37 +10.1 5.8 4.75 | 0.30 +0.8 
Sr +48.0 | 6.4 7.5 0.36 —21.2 
Sb +5.0 +11.0 2.4 1.25 | 0.30(?)} +3.0 
Bi —29.2 415.5 2.8 4.2 0.37 —3.65 
Mang.| +0.59 42.31 0.7(?) 0.72 | 0.33 —0.60 
Therlo| +0.42 2.37 0.7(?) 0.69 | 0.33 
Co +0.994 | —0.90 0.6(?) 0.5 0.30 +0.19 


ratio, and the tension coefficient of specific resistance. The unit of 
stress, whether of tension or pressure, for which the various coefficients 
is given is the kg/em?. By the coefficient of “observed resistance”’ is 
meant the change of resistance, per kg. per cm’, of the wire as actually 
measured in the experiments, with fixed electrodes. Such a wire 
increases in length and decreases in cross section under tension, and 
decreases both in length and section under pressure. The coefficient 
of “ observed resistance,” when corrected for the changes of dimensions, 
gives the coefficient of specific resistance, that is the change of resist- 
ance of a unit cube. The tension coefficient of specific resistance is 
obtained by subtracting (1 + 20)/E from the coefficient of observed 
resistance. 

Since the mechanism of conduction is an affair of atoms and elec- 
trons, and since the number of atoms and electrons in a unit cube both 
change when the material is subject to tension or pressure, it does not 
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seem to me that there is a great deal of significance in the “ coefficient 
of specific resistance.’’ However, it is of interest to note in the table 
that the changes of dimensions of manganin and therlo are so large 
compared with the tension coefficient of observed resistance that the 
tension coefficient of specific resistance is negative, whereas the tension 
coefficient of observed resistance is positive. For the other metals the 
correction for change of figure is not large enough to change the sign 
of the coefficient of observed resistance. 

It is in the first place to be remarked from the table that of the seven 
substances which are abnormal with respect to the sign of the pressure 
coefficient, only two, bismuth and strontium, are abnormal with 
respect to the sign of the tension coefficient. This would seem to 
indicate some essential difference between the conduction mechanism 
of these two substances and that of the others. Let us discuss what 
this difference may be in the light of the theory of metallic conduction 
which I have previously developed. 

I have thought of conduction as due to a free path mechanism; 
the classical theory was a free path theory. The differences compared 
with the classical theory are these. In the first place, the free paths 
are thought of as long, because the free electrons are few in number. 
In normal metals, the paths of the electrons are to be thought of as 
through the substance of the atoms themselves. The path may be 
terminated when the electron makes the jump from one atom to the 
next. The chance of termination on making the jump will depend 
both on the amplitude of atomic vibration and the distance apart of 
the atoms. Now if the distance apart of the atoms varies little com- 
pared with the changes of amplitude, the variation of free path may be 
calculated in terms of the variation of amplitude only. The changes 
of amplitude, neglecting the effects due to changes of dimensions, may 
be calculated for changes of pressure and temperature, and so the 
change of path, and hence the changes of resistance may also be cal- 
culated. It is in throwing the entire burden of the variations on the 
free path, and in the method of computing the changes of the free 
path, that my theory differs mathematically from the classical theory. 
Now as a matter of fact, the changes of dimensions under changes of 
temperature are very small compared with the changes of amplitude, 
and the calculated changes of resistance agree well with the observed 
changes. Under changes of pressure the changes of dimensions are 
several fold larger, but still are so small compared with the changes 
of amplitude that an important part of the pressure coefficient 
may be computed. There is left an outstanding effect depending on 
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the changes of dimensions. The precise value of this effect cannot be 
computed without a more detailed picture of the entire mechanism 
than we have at present, but we can at least see what its sign is; as 
the atoms are compressed more closely together there will be less 
difficulty for the electrons to make the leap, and the mean free path, 
and so the conductivity, will increase. 

So much for the mechanism in the case of normal metals. This 
picture would lead us to expect a decrease of resistance with increasing 
pressure, as is normal. To explain the behavior of those abnormal 
metals whose resistance increases under pressure I believed that there 
might be two possibilities. In the first place there might be such 
abnormalities in the law of force between the atoms that the amplitude 
of vibration increases as the atoms are brought closer together, instead 
of decreasing as normal. I thought that this was probably the case 
with bismuth, and suggested that the same abnormality would explain 
the increase of volume on freezing. For such a metal the paths of the 
electrons are still to be thought of as through the substance of the 
‘atoms, and the interference with the free path to take place on making 
the jump from one atom to the next. A second possibility. thought to 
explain the behavior of lithium. Here the electrons occupy spaces ina 
lattice between the atoms, and conduction consists in motion of the 
electron lattice through the atomic lattice. This is similar to the view 
of Wien }° and Lindemann !° as to the general character of conduction; 
I believe that this can be the mechanism only in exceptional cases. 
The effect of pressure on such a mechanism is to constrict the channels 
between the atoms through which the electrons pass. A simple cal- 
culation will show that the constriction of the channels due to change 
of distance between atomic centers is much more than the opening of 
the channels due to decreased amplitude of atomic vibration. Hence 
the pressure coefficient of resistance of such a substance would be 
expected to be positive, as it actually is. With regard to the other 
abnormal metals,’ I did not have any positive basis for deciding to 
which type calcium and strontium belong, although I expressed my 
belief that probably calcium belonged to the lithium type, and I 
believed that antimony belonged with rrcmaunes on the basis of its 
expansion on freezing. 

Since publishing my pressure data, ie crystalline structure of cal- 


15 W. Wien, Columbia Lectures, 1913, 29-48. 
16 F. A. Lindemann, Phil. Mag. 29, 127-140, 1915. 
17 Reference 3, p. 183. 
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cium has been determined,’® and this gives very strong probability to 
the view that its mechanism is also of the lithium type. . It has been 
found that in metallic calcium the atoms of Ca occupy almost exactly 
the same positions as the Ca atoms in Ca F», the F atoms have merely 
dropped out of the structure. The inference is strongly suggested 
that the F atoms have been replaced by electrons, which do not give 
an X-ray photograph because of their small mass, and that therefore 
metallic calcium consists of interpenetrating lattices of atoms and 
electrons. 

Let us now consider what these pictures of the mechanism lead us 
to expect for the tension coefficient. , It is in the first place evident 
that we would expect the resistance of normal metals to increase in 
the direction of stretch, both because the distance between the atoms 
increases in this direction and because the amplitude of vibration in 
this direction increases to compensate for the decrease in period due 
to the weakening of the restoring force on the atoms due to their 
increased distance apart. A detailed working out of the theory must 
recognize in addition that changes in the positions of the atoms trans- 
versely may affect the period longitudinally. Now of course it is a 
fact that the resistance of normal metals increases in the direction of a 
tension. ‘The same reasoning would lead us to expect a decrease of 
resistance in a direction transverse to the tension, and this also agrees 
with the facts in the few cases known. 

Consider now bismuth. As tension is applied, the distance between 
the atoms increases longitudinally. The same abnormality in the 
force that compels an increase of amplitude when pressure is applied 


now compels a decrease of amplitude, and just as in the case of pressure - 


the increase of amplitude causes a greater increase of resistance than 
can be overbalanced by the decrease due to the approach of the atoms, 
so now the decrease of resistance due to decreasing amplitude more 
than overbalances the increase due to the increasing separation of the 
atoms. The outstanding effect will be a decrease of resistance, which 
is actually the case. 

It is otherwise, however, for metals of the lithium type. The 
resistance is here determined by the channels between the atoms. 
When a tension is applied, the channels are made narrower, because of 
the lateral contraction, just as they are made narrower when a hydro- 
static pressure is applied, and we should expect an increase of resist- 
ance. ‘This is actually the case for lithium. 

The fact that the resistance of calcium increases under tension 


18 A. W. Hull, Phys. Rev. 17, 42-44, 1921. 
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hence means that its mechanism is the same kind as that of lithium, 
and verifies the evidence from crystalline structure. The positive 
coefficient of antimony indicates the same thing. In this regard it 
may be said that recent work has cast considerable doubt on the 
reality of the supposed expansion when antimony freezes,!® so that my 
former expectation would now lose its chief ground for support. Also 
against my former argument I may mention that there is a polymor- 
phic transition of antimony at 135°, which I had previously failed to 
take into account. Evenif the relations are abnormal for the modifica- 
tion which is stable up to the melting point, there seems no reason why 
we should expect the same abnormalities in the other modification, 
which is stable at room temperatures. 

Strontium seems to require special consideration. Its tension 
coefficient is not abnormally high numerically; it is nearly the same 
as that of calcium, and much less than that of lithium or bismuth. 
On the other hand its pressure coefficient is unique in being at least 
three fold greater than that of any other abnormal metal. It seems 
reasonable to suggest that the mechanism of conduction in strontium 
may be a combination of both types. These would conspire to give 
an abnormally high pressure coefficient, and oppose each other, giving 
by difference a relatively small tension coefficient, of a sign which 
could not be predicted without further evidence. 

These views of the conduction mechanism receive support from a 
numerical discussion. We confine ourselves to changes of resistance 
at constant temperature, that is to the changes under pressure and the 
longitudinal changes under tension. We assume that the change of 
resistance may be written down in terms of the changes of dimensions. 
The transverse and longitudinal changes of dimensions will affect the 
resistance in different ways, which are different for the two different 
types of mechanism. We write the equation 

1 Ad; Aé, 

where k, denotes the change of resistance per unit strain transverse to 

the direction of the current, k; denotes the change of resistance per 

unit strain longitudinally, and Aé, and Ad; are the change in the trans- 

verse and longitudinal distance of separation of the atoms. Now if 
the strains are produced by tension, we have 


Ad; AT Aé, 


19 M. Toepler, Wied. Ann. 53, 343-378, 1894. 
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where AT is the tension; and if the strains are produced by pressure 


we have 


Substituting these expressions for the strains gives 


1 
Ke = that 
d K k,| 
an r= lk — ok, 


where K, is the tension coefficient of resistance tabulated above, and 
K, is the pressure coefficient of resistance above. But since these two 
coefficients are known experimentally, we have two equations to 
determine the two unknowns k; and k,._ I have made the calculations 
and tabulated the results in Table II. 


TABLE II. 


Metal k, ky 
Li —3.2 +1.0 
Ca —5.4 +0.16 
Sr —15.8 —6.7 
Sb —13.6 
Bi —7.0 —9.6 
Mang. —7.3 —1.6 
Therlo —2.1 
Co +1.92 +2.6 


Let us now consider what sort of numerical values our theory would 
lead us to expect. For a normal metal we expect /; to be positive, and 
greater than unity, since in addition to the increase of resistance 
brought about by increasing the distance apart of the atoms, there 
is an increase due to the simultaneous increase of amplitude. Since 
most of the electron paths have a transverse as well as a longitudinal 
component, the same reasoning would lead us to expect that k, would 
also be positive and less than k;, but of the same order of magnitude, 
there being two transverse degrees of freedom against one longitudinal. 
In the same way, we would expect that for bismuth, where the effect of 
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amplitude is abnormal in sign, and more than counterbalances the 
effect of changing distance between atoms, k; and k, should both be 
negative, and k, less numerically than k;. On the other hand, for 
those metals whose conduction mechanism is by the passage of elec- 
trons in channels between the atoms, we expect k, to be negative, since 
increasing the transverse separation of the atoms decreases the 
resistance, and k; to be relatively small. For strontium, which has 
a combination of both types of mechanism, we expect both /; and k, 
to be negative, k, being numerically larger than k;. 

An inspection of the table shows that in every case these anticipa- 
tions are strikingly verified, and the probable essential correctness 
of the theory receives strong support. 

The values of the coefficients found for manganin and therlo indi- 
cate that for these“the mechanism is for the most part like that of 
lithium, calcium, and antimony, but that there is in addition a small 
contribution by a mechanism of the bismuth type. Of course the 
phenomena for alloys are most complicated and varied in their types 
of behavior, but it is not difficult to picture to oneself that under some 
conditions when two different kinds of atoms crystallizeeside by side 
into the same space lattice that there should be channels left between 
the atoms for the passage of conduction electrons, or that the law of 
force between atoms of different kinds should show the same sort of 
abnormality that the atoms of bismuth show. 

So far as I know there has been no previous attempt to make con- 
nection between any theory of conduction and the tension effects. 
In the light of the success of the above for abnormal metals it would 
now be of much interest to accurately determine the tension coeffi- 
cients of the normal metals. If in addition the coefficient of trans- 
verse resistance could be determined, a most valuable check would be 
obtained, for we would then have three independent experimental 
coefficients, which must be expressible in terms of the two quantities 


hy and Re. 


DISCUSSION OF THE EFFECT IN NICKEL. 


The peculiar nature of the phenomena for nickel makes it evident 
that there must be some unusual mechanism involved. It seems to 
me that there is probably an intimate connection with the poly- 
morphic transition at 360°. Under a tengion the transition tempera- 
ture will be displaced by an amount proportional to the square of the 
tension, and if a certain function of the compressibility and Young’s 


modulus has the right sign, the transition temperature will be 
/ 
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depressed. (The compressibility and Young’s modulus which enter 
this relation have not been determined experimentally.). To explain 
the failure of a single sharp transition point, we invoke the same sort 
of mechanism that we suppose to be responsible for elastic hysteresis. 
Modern theories of the structure of metals explain elastic after effects 
and hysteresis by the fact that the microscopic crystalline grains are 
unequally exposed to changes of stress. Certain grains are unfavor- 
ably situated, and the elastic limit of these is exceeded before that of 
the average. Just these grains would first reach the transition point 
under an increase of tension, and other grains not until later. Thus 
the transition and also the change of resistance would not be expected 
to take place discontinuously at a single tension, but to be spread over 
a range instead. If now the resistance of the new phase is less than 
that of the original phase, we have a reason for the sign of the observed 
effect. The minimum of resistance with increasing tension is reached 
at that point where the rate at which new grains are being trans- 
formed has been so decreased by exhaustion that the decrease of resist- 
ance brought about by the transition is equalled by the increase of 
resistance due to the normal tension effect on the transformed grains. 

This view of the phenomenon demands in the first place that the 
effect of tension be normal on that phase which is stable above 360°. 
So far as I know this effect has never been measured, but it would be 
going out of one’s way to assume that it is abnormal. It is also 
demanded that the resistance of the high temperature phase when sub- 
cooled into the low temperature region be less than that of the low 
temperature phase, at least under the tensions which are found inside 
the grains. This again is subject for further experimental investiga- 
tion. So far as I know, no measurements have been made on nickel of 
high purity. 'The measurements of Werner 7° are the only ones which 
I know with respect to the behavior of resistance through the transi- 
tion point. I find from his data that the temperature coefficient of 
his hard drawn wire between 31° and 110° was 0.0041 of its value at 
0°, and for soft wire the corresponding coefficient between 18° and 111° 
was 0.0054. The purest nickel should give under the same conditions 
a coefficient of about 0.0062. Werner finds no discontinuity in the 
resistance at the transition point, but does find a change in the direc- 
tion of the curve with temperature. It is highly probable that there 
was actually a discontinuity, which was masked by the effect of 
impurity. It has almost always turned out that a phenomenon which 


20 M. Werner, ZS. Anorg. Chem. 83, 275-321, 1913. 
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was at first thought to be continuous through a transition point is 
found, on increasing the purity, to be really discontinuous. It is true 
that the direction of the difference of temperature coefficients found 
by Werner is the reverse of that demanded by the above explanation, 
but in view of the extreme sensitiveness of the temperature coefficient 
to small impurities, I do not believe that a great deal of importance 
should be attached to this. 

In support of the suggested explanation is in the first place the fact 
that neither iron nor cobalt show similar effects. These metals and 
nickel are similar in many respects, but are unlike in regard to their 
transitions. Cobalt does not have any polymorphic transitions, and 
the first transition of iron is at so much a higher temperature than that 
of nickel that it may well be without effect. The decrease of the 
tension of the minimum resistance of nickel with increasing tempera- 
ture is also in accord with this view; at a higher temperature a smaller 
tension is necessary to make the transition take place. It is of course 
not possible to make any very exact numerical comparisons in view 
of the flatness of the minimum of the curves, but the data are at least 
not inconsistent with a depression of the transition point of a single 
homogeneous crystal by an amount proportional to the square of the 
tension. My explanation also demands that the resistance of the high 
temperature phase when it is subcooled be less than that of the low 
temperature phase. In view of Werner’s failure to find a large dis- 
continuity in the transition point, this probably means that the tem- 
perature coefficient of the high temperature phase is greater than that 
of the low temperature phase, and this is in accord with the fact that 
the initial rate of decrease of resistance with tension is less at high 
temperature than at low. 

The abnormal character of the hysteresis loop on the falling branch 
is to be explained as follows. The primary effect of a tension is to 
force a transition from one phase to another. This transition would be 
expected to show hysteresis on reversing the direction of the change of 
tension. On the other hand, the sum of the pure tension effect in all 
the individual grains shows no hysteresis, because this is determined by 
the average tension, which is equal to the applied tension itself. 
Hence on decreasing the direction of the change of tension, the abnor- 
mal effects are decreased in magnitude, whereas the normal effects are 
unaltered. An application of this analysis to the upper end of the 
loop beyond the minimum of resistance (maximum on the diagrams) 
shows that on release of tension the resistance may drop to less than 
under any increasing tension. 
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Before this explanation can be finally accepted, experimental con- 
firmation in several respects is required. ‘Temperature measurements 
should be made on the high temperature phase above the temperature 
of transition. The resistance relations should be carefully studied in 
the neighborhood of the transition point for nickel of high purity. 
Finally it ought to be possible to recrystallize a wire by proper heat 
treatment so as to make it into a single large crystal. Under these 
conditions the character of the phenomena should entirely change. 
The initial effect of tension should be normal, and should continue 
so until a tension is reached so high as to force the transition to take 
‘place, when there should be a discontinuous drop of resistance greater 
in amount than the previous increase. Of course it is not obvious or 
necessary that the tension of this discontinuity be less than the elastic 
limit, and hence it may not be possible to realize it. 


SUMMARY. 


The tension coefficient of resistance of lithium, calcium, strontium, 
antimony, bismuth, manganin, and therlo has been determined. 
These substances are all abnormal in that their pressure coefficients 
of resistance are positive. Young’s modulus for these metals has also 
been determined. The tension coefficient for bismuth and strontium 
is found to be negative, but positive for the other five. In the dis- 
cussion I] have shown that these coefficients are in accord with my 
theory of resistance. The conduction mechanism of lithium, calcium, 
antimony, manganin, and therlo is on the whole “transverse,” that of 
bismuth is longitudinal, and that of strontium is a combination. 

The negative tension coefficient found by Tomlinson for nickel 
has been verified for nickel of high purity, and in addition the hystere- 
sis effects and the effect of changes of temperature has been studied. 
Cobalt, on the other hand, is found to be entirely normal. It is sug- 
gested that the explanation of the abnormal behavior of nickel may 
be found in a depression by tension of the transition point normally 
at 360°. 


THE JEFFERSON PuysicaAL LABORATORY, 
Harvard University, Cambridge, Mass. 
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